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ABSTRACT
As a continuation of our previous work, which concerned the binding of aldehydes to bisulfite
and cysteine, this article presents more results on the applicability of 4-vinylpyridine addition to
beer prior to analysis aiming at release of aldehydes from these preformed bound states, thus
making them quantifiable with the headspace solid-phase microextraction method combined with
gas chromatography-mass spectrometry. This article also presents the first results on spiking beer
samples with cysteine prior to forced-aging, pointing to the important role of cysteine in beer fla-
vor stability. Both the levels in free and bound aldehydes show a relatively large degree of vari-
ation among different beers, but also between marker aldehydes. For some aldehydes (e.g.,
hexanal), the bound amount was shown to increase rather strongly upon forced beer aging,
whereas for others (e.g., 2-methylpropanal), large amounts appeared to already be present in a
bound state in the fresh samples. Spiking beer samples with cysteine prior to aging significantly
lowered the aldehyde levels compared with nonspiked samples. Flavor stability of the cysteine-
spiked beers was thereby greatly improved through aldehyde-cysteine adduct formation. It was
further hypothesized that, in addition to efficient binding of aldehydes, cysteine also inhibits the
formation of furfural during beer aging from Maillard reaction intermediates.
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Introduction
The (bio)chemistry behind beer flavor instability has been
studied extensively.[1–4] Two phenomena appear to be of
paramount importance in relation to flavor deterioration in
all aging beers: (i) a decrease of the intensity and the quality
of typical beer bitterness, due to conversion of the hop-
derived and bitter tasting iso-alpha-acids,[5] and (ii) an
increase in the level of an array of unwanted, so-called stal-
ing aldehydes,[6] in particular fatty acid oxidation aldehydes
(e.g., (E)-2-nonenal causing cardboard aroma), Strecker deg-
radation aldehydes (derived from amino acids; e.g., methio-
nal causing cooked potato off-flavor), and Maillard reaction
aldehydes (e.g., furfural formed from pentose). Some of
these aldehydes show extremely low flavor thresholds (e.g.,
0.03 lg/L for (E)-2-nonenal[7]) and, fortunately, fresh beer
generally contains rather low concentrations of these staling
aldehydes (below their respective flavor thresholds), due to
evaporation during the brewing process and enzymatic
reduction of remaining aldehydes during subsequent fer-
mentation by the yeast.[8] However, upon beer storage, levels
in staling aldehydes increase, which coincides with the
appearance of aged flavors.[9,10] Whereas degradation of beer
bitterness has been well characterized,[5,11–15] the mecha-
nisms underlying generation of staling aldehydes in aging
beer are still ill-defined.
Inside packaged beer, aldehydes might be produced de
novo from intermediates of fatty acid oxidation, formed dur-
ing the malting and brewing process or from Strecker deg-
radation of amino acids present in the beer matrix.[4]
Alternatively, increases in aldehydes during beer storage
might be explained by the release of free aldehydes from
nonvolatile precursor forms, so-called bound-state alde-
hydes, such as imines produced during malting[16] and
brewing[17,18] or bisulfite adducts formed during fermenta-
tion.[19–21] In beer model systems, Baert et al. indeed found
that typical beer staling aldehydes show binding activity
toward bisulfite (formation of bisulfite adducts).[22,23]
Furthermore, these authors noticed that the amino acid cyst-
eine, because of its nucleophilic –SH group, shows high
reactivity toward staling aldehydes, in contrast to other
amino acids. As a result, they proposed a new type of
bound-state aldehydes in beer, namely 2-substituted 1,3-thia-
zolidine-4-carboxylic acids.[22] Baert et al.[23] also succeeded
in releasing aldehydes from these precursors by adding the
competitive binding agent 4-vinylpyridine (4VP), known for
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its reactivity toward thiols.[24] This compound was proven
to release aldehydes from both cysteine adducts, due to
competitive binding of free cysteine, and bisulfite adducts,
due to the resulting alkaline pH upon 4VP addition, making
them quantifiable with the HS SPME GC-MS method, as
reported by Baert et al.[23] From the work performed on
model solutions, this approach appeared to be effective, with
high recoveries of the marker aldehydes after 4VP addition
to samples containing either preformed cysteine- or bisul-
fite-bound aldehydes.[23] Adduct formation with cysteine as
described by Baert et al.[22,23] is important in relationship to
its potential impact on beer redox properties. Thiol chemis-
try is integral to beer redox stability.[25] Already in 2005,
Kocherginsky et al. speculated that during beer storage, pro-
teins are partially hydrolyzed and cysteines become more
accessible to low molecular weight species in solution, thus
increasing the reducing power of beer.[26] Also, Andersen
et al. suggested that thiol-containing proteins have antioxi-
dative properties in beer.[27] These authors set up a kinetic
model for the reactivity of thiols during early stages of oxi-
dative degradation of beer, which suggested that the concen-
tration of thiols has to be increased in order to contribute
any significant antioxidative protection and that the fate of
thiols during oxidation must also be considered since some
thiol oxidation products may induce further damage.[27]
In the current article, the quantity of bound aldehydes
(cysteine- or bisulfite-bound aldehydes) in both fresh and
forced-aged beer samples was indirectly estimated by apply-
ing the Baert et al. on-line sample preparation method with
4VP addition.[23] Whether or not aldehydes are released
from beer upon 4VP addition was investigated. The poten-
tial of de novo formation of aldehydes (possibly due to the
altered conditions, e.g., alkaline pH) in beer samples spiked
with well-known aldehyde precursors (phenylalanine,
xylose, and linoleic acid) was also investigated. Both fresh
samples and samples stored for 90 days at 30 C
were considered.
To obtain a broader idea about the amount of free and
bound aldehydes in beer, and the variability therein, sev-
eral European commercial pale lager beers as well as
pilot-scale produced beers were analyzed using the alde-
hyde quantification method. It was anticipated that
numerous parameters of the beer production process
would affect the amount of free and bound aldehydes.
Since the considered pilot-scale beers were produced from
one and the same batch of wort, but were fermented by
three different yeast strains, the potential effect of yeast
was also assessed.
From the results Baert et al.[23] obtained in model solu-
tions, it was further obvious that cysteine generally interacts
strongly with aldehydes. It was thus not far-fetched to
assume that the cysteine content in beer would influence the
aldehyde levels. To verify this assumption, an experiment
was conducted in which cysteine was spiked into a fresh
commercial pale lager beer, and samples of both fresh and
forced-aged (90 days at 30 C) bottles were analyzed for their
aldehyde content and cysteine concentration.
Experimental
Chemicals and consumables
Hexanal (95%, CAS 66-25-1), (E)-2-nonenal (95%, CAS
18829-56-6), furfural (99%, CAS 98-01-1), 2-methylpropa-
nal (99%, CAS 78-84-2), 2-methylbutanal (95%, CAS 96-
17-3), 3-methylbutanal (98%, CAS 590-86-3), methional
(97%, CAS 3268-49-3), phenylacetaldehyde (98%, CAS
122-78-1), and benzaldehyde (98%, CAS 100-52-7) were
purchased from Acros Organics (Geel, Belgium). The com-
pound 2-methylbutanal-d10 (100 atom %D, approx. 200mg
in 1.5mL CDCl3) was synthesized upon ordering by
MercaChem (Nijmegen, The Netherlands). Benzaldehyde-d6
(98 atom %D, CAS 17901-93-8), L-phenylalanine (Phe,
98%, CAS 63-91-2), linoleic acid (Lin, 99%, CAS 60-33-
3), L-cysteine (Cys, 97%, CAS 52-90-4), 4-vinylpyridine
(4VP, 95%, containing 100 ppm hydroquinone, CAS 100-
43-6), and O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine
hydrochloride (PFBHA, 99%, derivatization grade for GC,
CAS 57981-02-9) were all obtained from Sigma-Aldrich (St.
Louis, MO, U.S.A.). D-xylose (Xyl, GPR RectapurVR , CAS
58-86-6) was obtained from VWR International (Leuven,
Belgium). All water used was ultrapure type 1 grade (mQ,
18.2 MXcm at 25 C), obtained from a Synergy 185 system
from Millipore S.A. (Molsheim, France). Clear glass 20-mL
vials were purchased from Chromacol (Waltham, MA,
U.S.A.). Magnetic bimetal crimp caps with PTFE/silicone
septa for vial closure were obtained from Sigma-Aldrich (St.
Louis, MO, U.S.A.). Solid phase microextraction fibers
(Stableflex SPME fiber assembly, 65mm of polydimethylsi-
loxane/divinylbenzene (PDMS/DVB)) were obtained from
Supelco Analytical (Bellefonte, PA, U.S.A.). Methane (N46),
helium (P0252), and nitrogen gas (N28) were obtained from
Air Liquide (Liege, Belgium).
Beer samples
Commercial beers
All commercial pale lager beers used in this study (beers
A-D and beer X) were purchased from a local supermarket,
in glass bottles of either 250mL or 330mL. All brands origi-
nated from European breweries and were selected on the
basis of a sufficiently high stock turnover in the store and a
shelf life of at least one year to ensure freshness. For one
brand (beer D), rice was used as an adjunct, as advertised
by the company. The alcohol content of the beers ranged
from 5.0 to 5.2% ABV. The total of all sulfurous acid species
in the beer samples were determined in twofold using the
R-Biopharm AG UV test kit for foodstuffs (Prod. Nr. 10 725
854 035, Darmstadt, Germany) according to the man-
ufacturer’s guidelines (results in Table 1).
Pilot-scale beers
At the pilot brewery of KU Leuven Technology Campus
Ghent, one batch of wort was produced on a 400-L scale.
Kilned malt (88 kg) was fine milled in a wet disc mill under
CO2 atmosphere and mixed with the mash water at a mash
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rate of 2.2 L/kg. The mash water was reverse osmosis water
with 80mg/L of Ca2þ (calcium chloride dihydrate, VWR
International, Leuven, Belgium) and 2mL/L of lactic acid
(30% v/v, prepared from 90% extra pure lactic acid, VWR
International, Leuven, Belgium) added. Mashing-in was per-
formed at pH 5.2 and 64 C, with temperature rests at 64 C
(30min), 72 C (10min) and 95 C (15min), and mashing-
off at 95 C. Early protein flocculation and DMS formation
was aimed for by mashing-off at 95 C. The wort was clari-
fied by a membrane assisted thin bed filter, and the filter
cake was sparged with 250 L of sparging water. The latter
was adjusted to pH 3.5 with lactic acid and enriched with
80mg/L of Ca2þ. Preisomerized iso-a-acid extract (approx.
20% w/w iso-a-acids, Botanix, Paddock Wood, England) was
added for bittering, aiming at 25 EBU (65% yield pre-
sumed), at the end of filtration. Clean steam was injected
for in-line wort boiling. The boiled wort (390 L, 16.1P) was
cooled to fermentation temperature and divided over several
analogous cylindroconical fermenters with a capacity of
60 L. Maintaining an approximate pitching rate of 107 cells/
mL, Saccharomyces cerevisiae was used for the fermentation
of 50 L of wort. Three different strains were obtained from
Universidade Federal de Minas Gerais, Brazil (CM-UFMG).
Strain numbers CM UFMG 231 (strain Y1), CM UFMG 244
(strain Y2), and CM UFMG 245 (strain Y3) were used to
obtain, respectively, beers Y1, Y2, and Y3. After 14 days of
maturation at 0 C, the beers were filtered with cellulose
sheets (Becopad type 350, Eaton Corp., Nettersheim,
Germany). The beers were saturated with CO2 (Aligal 2, Air
Liquide, Liege, Belgium) to 5.6 g/L, and packaged in 250-mL
glass bottles by a six-headed rotating counter pressure filler
(CIMEC, Vicenza, Italy). Double pre-evacuation with inter-
mediate CO2 flushing was applied, along with over foaming
by hot water injection before capping with conventional
crown corks. The alcohol content of the beers was measured
using an DMA 5000 Alcolyzer (Anton Paar, Graz, Austria)
(results in Table 1). The total of all sulfurous acid species in
the beer samples was determined in twofold (results
in Table 1).
Release studies on aging aldehydes in fresh and forced-
aged beers
Using a standard addition approach, typical aging aldehydes
were quantified in both fresh and forced-aged beers
(Figures 1–4 and Tables 2–5), with and without 4VP spiking
to the beer samples, before analysis (“4VP” assay, and “none”
control assay, respectively; results for commercial pale lager
X in Figure 1, Figure 4, and Table 5; commercial pale lagers
A–D in Figure 2, and Table 3; pilot scale beers Y1–Y3 in
Figure 3, and Table 4). Nonspiked beer samples were left
unopened and immediately forced-aged at 30 C for 90 days.
Samples stored in parallel at 0 C for 90 days were considered
fresh. Specific details regarding the composition and treat-
ment of beer X samples in Figure 1, Figure 4, and Table 5
are listed in the following sections and in Table 2.
Aldehyde concentrations in commercial pale lager X
before and after forced-aging, in samples either non-
spiked, spiked with mQ water, or spiked with known alde-
hyde precursors or cysteine
Part of the bottles of the commercial pale lager X was left
unopened (“none” control samples); whereas, the other part
was opened in an anaerobic cabinet (Whitley Anaerobic
Workstation A100 model B; Don Whitley Scientific Ltd., West
Yorkshire, UK) and placed under nitrogen atmosphere at
room temperature and, as listed in Table 2, respectively, spiked
with mQ water, L-phenylalanine, xylose, or linoleic acid
(respectively, “mQ” control samples, “Phe,” “Xyl,” and “Lin”
samples in Figure 1), or L-cysteine (“Cys” samples in Figure 4
and Table 5). The bottles were closed with a new crown cork
and subsequently forced-aged at 30 C for 90days. Samples
stored in parallel at 0 C for 90days were considered fresh.
Aldehyde quantification in fresh and forced-aged
beer samples
For aldehyde quantification in the beer samples, the beer
bottles were opened in the anaerobic cabinet, and 4-mL ali-
quots were transferred into 20-mL glass vials, which were
Table 1. Alcohol content, pH value, and total bisulfite content present in commercial pale lager beers A–D and X, and pilot scale beers Y1–Y3, the latter pro-
duced with S. cerevisiae strains.
Beer A B C D X Y1 Y2 Y3
Alcohol content (% ABV) 5.2 5.2 5.0 5.2 5.2 5.0 4.2 6.7
pH 4.30 4.14 4.37 4.12 4.32 4.27 4.34 4.25
Total bisulfitea (mgL21) 12.6 ± 2.0 11.5 ± 1.2 9.0 ± 0.6 13.4 ± 0.6 10.9 ± 0.3 9.5 ± 0.8 9.2 ± 3.2 10.5 ± 0.7
aMean (n¼ 2) ± standard deviation.
Table 2. Sample composition for commercial pale lager beer X.
Sample name Spiked compound Spiked volume or weight
Approximate final
concentration in 25 cL-bottle
“none” none – - (control sample)
“mQ” mQ water 2.5mL - (control sample)
“Phe” sample L-phenylalanine (working solution) 2.5mL 100mgL21
“Xyl” xylose (working solution) 2.5mL 100mgL21
“Lin” linoleic acid (liquid authentic reference compound) 0.005mg 0.02mgL21
“Cys” L-cysteine (working solution) 2.5mL 100mgL21
Part of the 25 cL-bottles was left unopened (“none” control samples), whereas the other part was opened in the anaerobic cabinet placed under nitrogen atmos-
phere at room temperature, and spiked with mQ water, or alternatively with L-phenylalanine, xylose, linoleic acid (resp. “mQ,” “Phe,” “Xyl,” and “Lin” samples
in Figure 1), or L-cysteine (“Cys” samples in Figure 4 and Table 5), respectively. Spiking of linoleic acid was performed by weight using a disposable pipette.
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sealed with magnetic bimetal crimp caps. A standard add-
ition approach was used for aldehyde quantification in beer
(i.e., by manually adding 40lL of the respective aldehyde
calibration stock solution into the vial containing the beer
through the septum via a gas-tight syringe). For each beer,
two different bottles of fresh and forced-aged beer samples
were analyzed. For each bottle, a standard addition calibra-
tion curve was prepared as such, and an additional standard
addition calibration curve was prepared with 4VP added at
500mM to each calibration standard.
Assessment of the bound aldehyde concentration by 4VP
addition to fresh and forced-aged beer samples
For sample treatments that included the addition of 4VP, the
designated vial was automatically transferred from the cooled
sample tray (7 C) of a PAL autosampler (CTC Analytics AG,
Zwingen, Switzerland) to the heated agitator (30 C).
Subsequently, 4VP addition was automatically performed by a
500-lL 1750N CTC syringe (Hamilton Company, Bonaduz,
Switzerland) loaded on the PAL autosampler. The sample was
homogenized by shaking vigorously at 500 rpm for 2min
(cycles of 5 s of shaking and 2 s of rest), and it was subse-
quently transferred back to the cooled sample tray, where it
rested for at least 6.5 h before proceeding. The steps described
here were omitted for samples that were not treated with 4VP.
Analysis of aldehydes via headspace SPME with on-fiber
derivatization to their O-(2,3,4,5,6-pentafluorobenzyl)ox-
ime derivatives and GC-MS
At the start of all aldehyde analyses, the designated vial was
automatically transferred from the cooled sample tray (7 C)
to the heated agitator (30 C). With the 500-lL syringe,
80 lL of the freshly prepared aqueous internal standard
working solution was added into the sample vial through
the septum via a gas-tight syringe, resulting in 2-methylbu-
tanal-d10 at 20lg/L and benzaldehyde-d6 at 2 lg/L as
internal standards. The sample was subsequently homogen-
ized by shaking vigorously at 500 rpm for 2min (cycles of
5 s of shaking and 2 s of rest).
A polydimethylsiloxane/divinylbenzene SPME fiber
(Stableflex SPME fiber assembly; Supelco Analytical,
Bellefonte, PA, U.S.A.), loaded on the PAL autosampler, was
first positioned in the headspace of 10mL of an aqueous
solution of O-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine
hydrochloride (PFBHA) at 1 g/L. For each batch of samples,
this stock was freshly prepared in a transparent 20-mL glass
vial and placed in the 30 C agitator. For each sample, the
Figure 1. Aldehyde concentrations in pale lager beer X before and after forced-aging, in samples either nonspiked, spiked with mQ water, or spiked with known
aldehyde precursors. Results were obtained on samples both without and with 4-vinylpyridine (4VP) addition as part of the on-line sample preparation. “none,” non-
spiked control samples. “mQ,” control samples spiked with mQ water. “Phe,” samples spiked with phenylalanine. “Xyl,” samples spiked with xylose. “Lin,” samples
spiked with linoleic acid. Calibration: internal, n: 3, error bars: standard errors, letters: different letters for nonoverlapping 95% confidence intervals.
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fiber was loaded with PFBHA during 10min of exposure to
the headspace, while shaking at 250 rpm, in cycles of 5 s of
shaking and 2 s of rest. The PFBHA-loaded fiber was subse-
quently exposed during 30min to the sample’s headspace for
extraction and derivatization of aldehydes, while shaking at
250 rpm, in cycles of 5 s of shaking and 2 s of rest, at a tem-
perature of 30 C. Possible carryover by the SPME fiber was
prevented by conditioning it for 3min at 250 C in the fiber-
conditioning module, prior to each new sample collection.
The pentafluorobenzyloximes (PFBOs), formed from the
on-fiber derivatization of the aldehydes with PFBHA, were
thermally desorbed from the solid phase by insertion of the
fiber into the injector of a Focus GC (Thermo Fisher Scientific
Inc., Waltham, MA, U.S.A.) for 3min at 250 C. The injector
contained a low bleed silicone septum and a narrow-bore glass
liner with a volume of 0.5mL (Thermo Fisher Scientific Inc.,
Waltham, MA, U.S.A.). The split/splitless injection port was
used in the split mode, with a split flow of 10mL/min and a
split ratio of 12. An Rtx-1 Crossbond 100% dimethyl polysi-
loxane capillary column (40-m length, 0.18-mm internal diam-
eter, and 0.20-lm film thickness; Restek Corporation,
Bellefonte, PA, U.S.A.) was used, with the helium carrier gas
set at a flow rate of 0.8mL/min. Upon injection, the GC oven
temperature program was initiated at 50 C for 2min and
increased at a rate of 6 C/min to 250 C. This final tempera-
ture was held for 5min. The MS transfer line was set at
260 C. An ISQ single-quadrupole mass spectrometer (Thermo
Fisher Scientific Inc., Waltham, MA, U.S.A.) was used for
detection, operating in the negative chemical ionization mode,
with the ion source temperature set at 185 C. The reagent gas
was methane, at a flow rate of 1.5mL/min. The electron lens
was set at 15V, the electron energy at 70 eV, the emission cur-
rent at 50 lA, and the detector gain at 3.00 105. One charac-
teristic ion per PFBO was used for identification and
quantification in selected ion monitoring mode.[22,23]
Results and discussion
Exploring aldehyde release in beer by adding 4-
vinylpyridine
In our previous research, 4VP was added to model solutions
containing either cysteine-bound or bisulfite-bound alde-
hydes.[22,23] With the exception of (E)-2-nonenal bound to
bisulfite, the addition of 4VP proved to be capable of releas-
ing the majority of the marker aldehydes from their bound
state, as was apparent from the high aldehyde recoveries.
However, these experiments took place in model solutions
with a simple composition: only aqueous phosphate buffer,
cysteine or bisulfite, aldehydes and 4VP were present.[23] The
actual beer matrix contains large amounts of other com-
pounds that may interact with 4VP (in particular proteins
and peptides), thus potentially decreasing or even annihilat-
ing its effectiveness. Hence, in a first experiment, 4VP was
added to both fresh and forced-aged commercial pale lager
X. To check whether or not de novo aldehyde formation
takes place due to the altered conditions upon 4VP addition
(alkaline pH, the presence of the reactive 4VP), samples of
this commercial lager X spiked with known aldehyde
precursors (see “Phe,” “Xyl,” and “Lin” in Table 2) were ana-
lyzed. As seen in Figure 1, the fresh samples of the non-
spiked beer X (“none” assay) contained the marker aldehydes
in varying levels (e.g., 0.03mg/L of (E)-2-nonenal and 45mg/L
of furfural). Upon forced-aging at 30 C for 90 days, all
marker aldehyde concentrations increased, except for benzal-
dehyde. The fatty acid oxidation products hexanal and (E)-2-
nonenal increased approx. by a factor 1.5 and 2, respectively,
whereas the Maillard reaction product furfural increased up
to sevenfold, and the Strecker aldehydes increased to vary-
ing extents.
When 4VP was added to fresh or aged nonspiked sam-
ples, as part of the on-line sample preparation, three distinct
behaviors were observed among the aldehydes. First, for
benzaldehyde, no satisfactory calibration curves could be
obtained in the presence of 4VP. Abnormally high peak
areas were detected for this marker aldehyde, compared
with samples without 4VP, and the slope of the standard
addition calibration curve showed values close to or below
zero (data not shown). The sensitivity for benzaldehyde was
thus lost upon 4VP addition, and no concentration values
could therefore be reported. At this point, the cause of this
phenomenon in the beer matrix remains unclear.
Nevertheless, since benzaldehyde concentrations do not
seem to increase during beer aging under the applied condi-
tions, and since this compound is generally not considered
one of the main contributors to beer flavor instability, it was
decided to maintain the on-line sample preparation and to
discard the data on benzaldehyde upon 4VP addition.
Second, methional and phenylacetaldehyde showed
unaltered or even decreased concentrations upon the add-
ition of 4VP. Instead of releasing methional and phenylace-
taldehyde, it suggests there was either no effect due to the
4VP addition or that these aldehydes became bound instead
of released. The underlying mechanism of the decreased
aldehyde levels remains uncertain at this point, despite a
thorough literature search, but since this effect was not
observed in model solutions,[23] interactions with beer
matrix compounds probably play some role.
Third, increases were seen in the levels of hexanal, (E)-2-
nonenal, furfural, 2-methylpropanal, 2-methylbutanal, and
3-methylbutanal, albeit to varying extents. Addition of 4VP
thus resulted in increased concentrations of most of the
marker aldehydes in both the fresh and aged beer samples.
Furthermore, when comparing the aldehyde levels of the
nonspiked samples with samples spiked with phenylalanine
(“Phe” assay), xylose (“Xyl” assay), or linoleic acid (“Lin”
assay), it can be concluded that no significant de novo for-
mation of phenylacetaldehyde, furfural, or hexanal and (E)-
2-nonenal, respectively, took place upon 4VP addition
(90 days 30 C 4VP samples). Together, the aforementioned
findings lead to the conclusion that this commercial lager
beer X indeed has a bound-state aldehyde pool.
Free and bound aldehyde levels during beer aging
Variability among commercial beers
To gain insight in the potential variability of free and bound
aldehyde levels in pale lager beers, samples of four different
JOURNAL OF THE AMERICAN SOCIETY OF BREWING CHEMISTS 5
beer brands A–D were purchased, forced-aged at 30 C for
90 days, and treated or not treated with 4VP (both fresh and
aged samples) as part of the on-line sample preparation for
aldehyde quantification.
The fresh commercial pale lager beers A–D were found
to be already quite different in their aldehyde profiles
(Figure 2). Although only moderate variation was seen
between for example the hexanal concentrations in the four
beers, significant differences in the 2-methylbutanal con-
tent were observed. With the exception of benzaldehyde,
all marker aldehydes increased in the four beers upon
forced-aging. The extent of these aged-induced increases
was, however, not always similar for the four brands
(Table 3). Whereas for example, furfural increased from
149 mg/L to 177 mg/L, depending on the beer brand, 2-
methylpropanal increased within a range of 7 mg/L to
35 mg/L. In regard to benzaldehyde, Saison et al.[28] had
noticed a 25% increase upon forced-aging at 28 C for
90 days, and Malfliet et al.[6] noticed a 25% increase after
60 days at 30 C. However, neither of the studies provided
information on the statistical significance of the observed
increases. Generally speaking, our results confirmed that
benzaldehyde did not show a pronounced increase during
forced-beer aging. Overall, the aged beers were more
diverse in their aldehyde profile than the fresh samples.
This diversity among pale lager beers, both fresh and upon
forced-aging, is certainly not a new observation and is con-
sidered as a reflection of the complexity of the beer flavor
instability issue.[10]
The apparent variation between beers A–D is further
increased when taking into account what was seen when
4VP was added to the samples. The most intuitive potential
outcome of this experiment would have been that the
increases for all aldehydes upon addition of 4VP to fresh
samples would be proportionate to the increases seen upon
forced-aging of the samples. This was clearly not the case,
and, across the aldehydes, distinct behavior could be
observed. Describing all the parallels and differences in
behavior between the aldehydes in the four beers would be
excessive. However, some remarkable observations per alde-
hyde are listed and discussed in the following section, in a
more general way.
Hexanal, a marker aldehyde that showed a high reactivity
toward both bisulfite and cysteine in model solutions,[23]
appeared to be present in rather moderate amounts of a
bound state in the fresh beers A–D. The increases in free
levels seen upon forced-aging were also significant but mod-
erate. In contrast, the pool of bound hexanal appeared to
increase over time, suggesting that de novo formation of
hexanal took place to some extent, and that the aldehydes
Figure 2. Aldehyde concentrations in four commercial pale lager beers A–D, fresh or after 90 days forced-aging at 30 C. The results of aldehyde quantification are
indicated both without and with 4-vinylpyridine (4VP) addition as part of the on-line sample preparation. Calibration: internal, n: 2, error bars: standard errors, let-
ters: different letters for nonoverlapping 95% confidence intervals.
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formed were transformed into a bound state rather than
remaining free. This is in accordance with the high reactivity
of hexanal observed by Baert et al.[23] in model solutions.
The fresh beers contained relatively high levels of bound
(E)-2-nonenal in comparison with the low levels of free (E)-
2-nonenal, and upon forced-aging, the bound pools
remained rather constant or, depending on the beer,
decreased. The fact that strongly increased levels in (E)-2-
nonenal were found upon 4VP addition indicates that
reversible binding dominates over irreversible bisulfite bind-
ing. The relatively high level of bound (E)-2-nonenal in
beer, and the lack of de novo formation upon forced-aging,
has been discussed previously in the literature within the
context of the so-called nonenal potential.[18,29,30] Although
the results obtained from the model solutions by Baert
et al.[22,23] showed that the equilibrium between free (E)-2-
nonenal and cysteine or bisulfite bound (E)-2-nonenal is
clearly in favor of the free form at approx. beer pH, in these
actual beer samples, bound (E)-2-nonenal was outweighing
the free form, suggesting formation of adducts during malt-
ing, brewing, and/or fermentation.
Totally different results were obtained for furfural, of
which the free levels increased strongly upon forced-aging,
in contrast to the relatively low levels of bound furfural in
the fresh samples. The bound furfural pool was shown to
increase upon aging for beers A and B, but for beer D, it
decreased, whereas a bound pool seemed absent in beer C
(Table 3). For beer D, a lower furfural level was measured
after 4VP addition to fresh and aged samples compared
with samples without 4VP added, as was also observed for
phenylacetaldehyde in the previous experiment. The increas-
ing amount of free furfural during aging of all beers and of
bound furfural in the aged beers A and B was most likely
due to de novo formation from intermediate 3-deoxyosones,
rather than from pentoses. The former pathway is the most
plausible, since decreasing 3-deoxyosone levels along with
increasing levels of furfural and hydroxymethylfurfural dur-
ing beer aging have been reported by Rakete et al.[31]
For 2-methylpropanal, it appeared that in fresh beer, this
aldehyde was mainly present in a bound state and that dur-
ing beer aging, 2-methylpropanal was released from its
bound state. The compounds 2-methylbutanal and 3-methyl-
butanal generally show rather comparable behavior, with the
majority of the aldehydes present in the free form in the
fresh beers. This is somewhat surprising, since in the model
solutions these marker aldehydes showed high reactivity
toward both cysteine and bisulfite, resulting in equilibria
clearly favoring the bound forms. After beer aging, almost
all of the 2-methylbutanal and 3-methylbutanal was found
in the free state. For 3-methylbutanal, differential behavior
was found in beers A and D on the one hand, and beers B
and C on the other. For beers A and D, significant amounts
of bound 3-methylbutanal were present in the fresh samples,
and upon forced-aging this pool disappeared. Moreover, the
amounts of free 3-methylbutanal in the aged samples was
shown to be comparable to the amounts measured in the
fresh samples after 4VP addition. This observation suggests
that the bound-state 3-methylbutanal pool in the fresh beers
A and D was responsible for the increases seen upon
forced-aging. However, for beers B and C, the 3-methylbuta-
nal levels in the fresh samples were shown to be relatively
low, with no or only a minor bound pool present. Upon
forced-aging, the free levels increased significantly, as did
the levels of bound 3-methylbutanal. Therefore, some de
novo formation of 3-methylbutanal seemed to occur during
the forced-aging of beers B and C. The lack of increase (or
for some beers even a small decrease) in methional levels
after 4VP addition, suggests that both the fresh and aged
beers do not contain bound methional. This is rather unex-
pected when considering the reactivity of this marker alde-
hyde towards both bisulfite and cysteine in the model
solutions.[23] Furthermore, during beer aging, except for
beer A, the free methional levels remained either constant
(beers B and C) or increased only slightly (beer D).
Concerning phenylacetaldehyde, fresh samples of beers B
and C appeared to contain a significant amount of bound-
state phenylacetaldehyde, whereas beers A and D failed to
show the presence of such a pool. Upon forced-aging, the
free phenylacetaldehyde levels increased in all of the beers.
At this stage, it is not clear why relatively low levels were
detected upon 4VP addition to the aged samples.
In accordance with what was observed in the previous
experiment, addition of 4VP resulted in an inability to
generate satisfactory calibration curves for benzaldehyde,
in all four brands. The cause of this phenomenon
remains unknown.
The results obtained on the beers A–D confirm the com-
plexity of beer flavor instability. In several cases (e.g., for
hexanal, or furfural in beers A and B), levels of marker alde-
hydes increased over time, both in the free and bound form.
This suggests that unidentified pathways exist that give rise
to both free and bound aldehydes during beer aging. In
other cases (e.g., for 2-methylpropanal), it was found that
the increase in free aldehydes during beer aging coincided
with a decrease in the bound aldehyde pool. Here, the pool
of bound-state aldehydes seemed to comprise a reservoir of
aldehydes, from which release could take place upon
beer aging.
At this stage, when taking together the results obtained,
it can be summarized for the following beer samples A-D:
First, methional was largely present in the free form in fresh
as well as aged beers. Second, furfural showed a strong
increase during beer aging and appeared to remain largely
in the free form. Third, the occurrence of fatty acid oxida-
tion in aging beer was not clear; whereas some hexanal
seemed to be formed (as indicated by increased levels of its
bound state in aged beers), de novo synthesis of (E)-2-none-
nal could not be deduced. Fourth, in fresh beer, (E)-2-none-
nal occurred mainly in a (reversible) bound state. Fifth, the
overall behavior of 2-methylpropanal, 2-methylbutanal, and
3-methylbutanal was similar in that during beer aging, in
which practically all of the bound aldehydes were released.
Influence of the yeast strain
As was apparent from the previous experiment, fresh and
aged commercial pale lager beers showed different free
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aldehyde profiles, and measurement of the aldehyde concen-
trations after 4VP addition to the samples revealed even
more diversity between the beers. However, these beer
brands were also produced with different raw materials (bar-
ley varieties, adjuncts, water composition, yeast strain) and
following different brewing recipes at different brewing
facilities. The high level of diversity in aldehyde levels would
thus not be unexpected. As a way of identifying the main
process steps and/or process parameters contributing to free
and bound aldehydes in the packaged beer, an approach
should be followed where several beers are produced varying
in only one parameter. The case study presented here may
serve as an example to this approach, investigating the effect
of the choice of yeast strain on the aldehyde levels in the
beer. Yeast metabolism has several potential ways to influ-
ence the free and bound aldehyde content of beer. Not only
can it reduce the free aldehydes present in the pitching wort
to their respective alcohols, it can also affect the ratio
between free and bound aldehydes, for example by sulfur
dioxide production. It must be emphasized that ale and
lager yeast strains exhibit differences regarding sulfur diox-
ide production,[32] which is indeed greater during lager fer-
mentation conditions (Table 1). Obviously, this difference in
sulfur dioxide production could influence bisulfite adduct
levels. Moreover, it has been seen in previous research that
yeast can produce thiols during (re)fermentation by trans-
formation of (hop-derived) cysteine adducts.[33–36] For
example, Saccharomyces cerevisiae was seen to produce 2-
furfurylthiol when 2-(furan-2-yl)-1,3-thiazolidine-4-carbox-
ylic acid was supplemented during lab-scale bioconversion
experiments using commercial baker’s yeast cream cells
resuspended in phosphate buffer.[37] This b-(C-S) lyase or
cysteine-S-conjugate b-lyase activity, cleaving the carbon-sul-
fur bond within the cysteine adduct, may thus directly affect
the amount of cysteine-bound aldehydes present in the fresh
beer by converting them into thiols. Besides the aforemen-
tioned mechanisms, other parameters in the fermenting
medium change as well, such as the decreasing pH, and the
altering free amino acid content. It may thus prove useful to
consider the impact of the yeast strain in light of flavor sta-
bility. To this end, one batch of wort was fermented by
three Saccharomyces cerevisiae strains (for details see
Experimental). They were selected based on adequate per-
formance during lab-scale wort fermentations and, subse-
quently, used for pilot scale brewing. The obtained beers Y1,
Y2, and Y3 were analyzed for their free aldehyde content
(both fresh and forced-aged for 90 days at 30 C), and bound
aldehyde pools were assessed by analyzing samples after
4VP addition.
The fresh beers were shown to have rather similar, but
not identical, free aldehyde profiles (Figure 3). Significant
differences in free fatty acid oxidation aldehydes (i.e., hexanal
and (E)-2-nonenal) and the Maillard product furfural were
not observed. Similarly, approximately equal concentrations
of the Strecker aldehyde phenylacetaldehyde and the thereof
derived benzaldehyde were found in the three beers. The
aldehydes for which the selection of the yeast strain did show
a significant effect (2-methylpropanal, 2-methylbutanal,
3-methylbutanal, and methional) were all Strecker aldehydes.
A first yeast strain-related factor that may influence these
observed differences in aldehyde levels in fresh beer is the
effectiveness of the yeast’s reducing activity[38–43.] The (free)
aldehydes in the pitching wort can be used as a substrate for
aldehyde reductases, present in the yeast cell. After uptake
from the medium, the aldehydes can thus be reduced to their
corresponding alcohols by the yeast’s metabolism. However,
a high level of complexity and heterogeneity was found
regarding this metabolism,[38,44] thus making it not unlikely
that the yeast strains used in this experiment may have simi-
lar affinities for some aldehydes and different affinities for
others. Although differences between two yeast strains were
not observed in a study by Perpete and Collin,[45] the results
presented here are in agreement with strain-dependent
reduction of aldehydes during refermentation of aged beer,
as shown by Saison et al.[43] A second yeast strain-related
factor potentially influencing the free aldehyde concentration
in fresh beer is the formation of Strecker aldehydes by the
yeast metabolism. Aldehydes are excreted by fermenting
yeast through decarboxylation of oxoacids, related to the
Ehrlich pathway.[38,46] For example, during cold contact fer-
mentation in a medium spiked with leucine-d10, deuterated
3-methylbutanal was produced and excreted by the yeast.[46]
It is thus not implausible to expect excretion of 3-methylbu-
tanal, but also 2-methylpropanal, 2-methylbutanal, and
methional, in our experiment as well. The combined effects
of aldehyde reduction and aldehyde excretion may explain
the observed significant differences in Strecker aldehyde con-
tent between the beers, and the selection of the yeast strain
may thus have an impact on the aldehyde concentrations in
fresh beer.
After forced-aging, the content of free aldehyde became
more diverse among the beers, because more significantly
different absolute concentrations were measured. However,
when comparing the actual increases as a consequence of
beer aging (Table 4), it can be seen that the beers produced
with strain Y1 and Y3 did not show significantly different
increases for any of the quantified aldehydes, whereas the
beer produced with strain Y2 only showed a significantly
different increase in hexanal, furfural, and 2-methylpropanal
compared with strains Y1 and Y3. It can therefore be con-
cluded that, although not profoundly, the selection of the
yeast strain may affect the aldehyde content in aged beer.
After adding 4VP to the fresh beer samples Y1–Y3, the
aldehyde increases generally showed no significant differen-
ces between the beers, with few exceptions (Table 4). A
similar observation was made for the forced-aged beer sam-
ples upon 4VP addition. The few significant differences in
the bound-state aldehyde pool between the beers may be
attributed to more aldehyde binding or more aldehyde
release. The former option could take place, for example, if
higher amounts of bisulfite were generated by a specific
yeast strain, or if less amino acids (including cysteine) were
used for yeast growth and survival. The latter option could
be affected by (small) differences in end pH between fer-
mentations (less binding at a lower pH), or by an increased
yeast affinity for reducing free aldehydes, thus potentially
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shifting bound-state aldehydes to their free form.[38]
Whether or not one or both of these hypotheses apply, may
be tested in additional experiments, but based on the results
presented here, it is safe to assume, that at least in this
experiment, the selection of the ale yeast strain did not have
a major impact on the amount of bound-state aldehydes
present in the beer.
Apart from the aforediscussed comparison regarding the
selected ale yeast strain, the results from this experiment can
also be approached in a way similar to the previous experi-
ment. Bound-state hexanal proved to be present in consider-
able amounts in the fresh beers, with an increasing bound
pool upon forced-aging. The de novo formation seemed to
take place to some extent, but the formed aldehydes appear
to be become bound rather than remaining free, as was also
seen in the previous experiment. This behavior was in line
with the high reactivity of hexanal for binding as observed
in the model solutions. Also, similar to previous observa-
tions was the relatively high level of bound (E)-2-nonenal
both in fresh and aged beers. Furthermore, there was no
indication for de novo formation of (E)-2-nonenal. As was
the case for two out of four commercial pale lager beers, the
furfural pool in the three pilot-scale produced beers was
shown to increase rather strongly upon forced-aging, indi-
cating de novo formation taking place (most likely from 3-
deoxyosones). Whereas most of the furfural appeared to be
present in a bound-state in the fresh samples, this ratio
shifted toward free furfural relative to the bound amount
upon forced-aging. Clearly, during beer aging, the equilib-
rium was shown to better approach what was seen in the
model solutions at pH 4.4 (i.e., strongly favoring the free
form).[23] Thus, next to de novo formation, furfural release
from a bound state may take place in aging beer. High levels
of bound 2-methylpropanal were noticed in the fresh sam-
ples, which was in accordance with the high reactivity of
this aldehyde at approximate beer pH in phosphate buf-
fer;[23] however, the bound 2-methylpropanal pool appeared
to be eliminated upon beer aging. Significant amounts of
bound 2-methylbutanal and 3-methylbutanal were found in
the fresh beers, whereas during forced-aging, most of these
aldehydes were released to the free state, as was also seen in
the commercial beers. A bound methional pool appeared to
be absent in both the fresh and aged samples of the pilot-
scale brews, although the free levels increased over time.
This suggested that methional was exclusively present in the
free form, as opposed to the rather strong methional binding
observed toward bisulfite as well as cysteine in model solu-
tions.[23] Moreover, de novo formation during beer aging
seemed to occur. A rather similar behavior was observed for
phenylacetaldehyde where in fresh samples there appeared
Figure 3. Aldehyde concentrations in beers Y1–Y3 produced at pilot scale from one batch of wort but top-fermented with three different S. cerevisiae strains, fresh
or after 90 days forced-aging at 30 C. The results of aldehyde quantification are indicated both without and with 4-vinylpyridine (4VP) addition as part of the on-
line sample preparation. Calibration: internal, n: 2, error bars: standard errors, letters: different letters for nonoverlapping 95% confidence intervals.
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to be no bound-state phenylacetaldehyde present. As for the
commercial beers, the free benzaldehyde levels remained
constant or even decreased under forced-aging conditions,
and upon addition of 4VP, no calibration curves could
be obtained.
Effect of cysteine spiking on aldehyde levels in fresh
and aged beer
The bisulfite content influences the flavor stability of beer
and has already been investigated in the past and discussed
in the literature.[3,19,47–54] However, to the best of our know-
ledge, the role of cysteine in this context has hardly been
considered. Therefore, in this part, a more direct approach
was followed to assess the potential influence of the cysteine
content on beer flavor stability. An experimental setup, simi-
lar to the previous experiment, was applied using the com-
mercial pale lager X. Nonspiked beer samples were
compared with beer samples spiked with L-cysteine (respect-
ively, “none” and “Cys” assay in Table 2 and Table 5). In
the fresh beers and after forced-aging at 30 C for 90 days,
the marker aldehydes were quantified both with and without
the addition of 4VP to the samples.
When focusing on the nonspiked commercial pale
lager X (Figure 4), it was obvious that the behavior of the
free and bound aldehydes was equal to what was seen
earlier for the “none” control sample of this beer (com-
pare Figure 1 and Figure 4). Of course, the quantitative
aldehyde profiles of fresh and aged beer samples A-D,
as shown in Figure 2, were different from this brand X,
but the major insights on the aldehydes’ behavior
were confirmed.
Significantly lower levels of free hexanal, 2-methylpropa-
nal, 2-methylbutanal, 3-methylbutanal, and benzaldehyde
were found in the fresh samples spiked with cysteine, com-
pared with the nonspiked control samples (Figure 4). The
free concentrations of these same aldehydes, along with
those of (E)-2-nonenal, furfural, and phenylacetaldehyde,
were also shown to be significantly lower upon forced-aging.
Most striking was the observation that the level of free fur-
fural increased by more than 600% in the control samples,
whereas only by approximately 1% in the cysteine spiked
samples (Table 5). Remarkably, no significant effect of cyst-
eine addition was noticed for free methional in fresh or
aged samples (i.e., there was no binding of methional). The
aforementioned observations were mostly in accordance
with what was seen by Baert et al.[23] in model solutions as
hexanal, 2-methylpropanal, 2-methylbutanal, 3-methylbuta-
nal, and phenylacetaldehyde were also shown to have a
strong interaction with cysteine at pH 4.4, which was
approximately the pH of this commercial pale lager beer
(pH 4.3). Methional also interacted with cysteine in the
model solutions at pH 4.4, whereas benzaldehyde did
not,[23] which was in contrast to this beer matrix experi-
ment. From the results obtained on the aged beers without
4VP addition, it was obvious that the cysteine spiking of the
beer samples resulted in interactions between the marker
aldehydes and cysteine (except for methional). More Ta
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specifically, the marker aldehydes became so strongly bound
upon addition of cysteine, that their free levels in the aged
beers were comparable to free levels in the fresh beers
(Table 5). In other words, from the analytical point of view,
beer flavor stability was greatly improved through the add-
ition of cysteine.
In general, the addition of 4VP also released aldehydes in
the cysteine-spiked beers, both in fresh and aged samples.
Since aldehydes were clearly bound upon spiking of cysteine
to the beer, it would be expected that this bound aldehyde
pool would be fully released again upon 4VP addition. In
the case of the 100% release of bound aldehydes, the meas-
ured aldehyde concentrations in the samples with added
4VP should be the same for both the control samples and
the cysteine-spiked samples. However, this was not the case
(Figure 4). It is likely that due to the high cysteine concen-
tration spiked (100mg/L) on top of the endogenous content
that the effectiveness of the addition of 4VP was reduced in
this specific testing setup.
Furthermore, in the fresh beer, cysteine addition had no
effect on the level of free furfural (i.e., binding was not
observed). This observation was in accordance with the
results obtained by Baert et al.[23] in model solution, as it
was found that at beer pH there is hardly (if any) inter-
action between cysteine and furfural. In the nonspiked beer
samples about half of the total furfural level appeared to
occur in the bound state (possibly as bisulfite adducts).
Clearly, in the nonspiked control beer, levels of free furfural
increased considerably upon forced-aging, which might be
explained by formation from intermediates of the Maillard
reaction, in particular from 3-deoxyosones. However, in
the aged cysteine-spiked beer, there was no increase in free
furfural and this cannot be explained by the binding of
free furfural to cysteine since binding hardly occurs at beer
pH.[23] If binding could offer the explanation, one should
observe furfural release upon addition of 4VP, which was
not the case. In other words, the data suggest that forma-
tion of furfural did not take place in the presence of high
levels of cysteine. It is therefore hypothesized that added
cysteine reacts with intermediate Maillard reaction prod-
ucts, thus preventing the formation of furfural in the
beer matrix.
Conclusions
The applicability of the addition of 4VP as part of an on-
line sample preparation, proven to release cysteine and
bisulfite bound aldehydes in model solutions by Baert al.,[23]
was tested on beer samples. In general, increases in the
measurable aldehyde concentrations were observed upon
Figure 4. Aldehyde concentrations in commercial pale lager beer X, either nonspiked or spiked with cysteine, fresh or after 90 days forced-aging at 30 C. Results
were obtained on samples both without and with 4-vinylpyridine (4VP) addition as part of the on-line sample preparation. “none,” nonspiked control samples.
“Cys,” samples spiked with cysteine. Calibration: internal, n: 3, error bars: standard errors, letters: different letters for nonoverlapping 95% confidence intervals.
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4VP addition to beer prior to the HS SPME GC-MS quanti-
fication. From beer samples spiked with linoleic acid, xylose,
or phenylalanine, it was concluded that no significant de
novo formation of aldehydes was caused by this sample
treatment. First, these results provide evidence that bound-
state aldehydes are indeed present in beer, both in fresh
samples and samples aged for 90 days at 30 C. Second, these
experiments prove that bound-state aldehydes can be
released and quantified to a certain extent with the applied
methodology. A significant degree of variability in behavior
was observed when 4VP was added, not only between the
different marker aldehydes, but also among the different
beers tested.
The influence of cysteine on the free aldehyde content in
beer samples was confirmed by spiking cysteine into fresh
pale lager beer. Drastically reduced free aldehyde levels were
not only seen in the fresh samples, but even more so upon
forced-aging of cysteine-spiked beer. Thus, results obtained
with a higher level of cysteine suggest that the addition of
cysteine could create a more flavor stable beer. With regard
to furfural, the free furfural level in aged cysteine-spiked
beer appears to be comparable to the level in fresh beer.
However, addition of 4VP to aged cysteine-spiked samples
did not result in the release of free furfural. It is, therefore,
hypothesized that during beer aging, furfural is mainly
formed from Maillard intermediates, for example from 3-
deoxyosones, rather than being released from a bound state.
Remarkably, an elevated amount of cysteine in beer inhib-
ited furfural formation via this route during beer aging.
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